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As a superconductor goes from the normal state into the superconducting state, the voltage versus current
characteristics at low currents change from linear to nonlinear. We show theoretically and experimentally that
the addition of current noise to nonlinear voltage versus current curves will create ohmic behavior. Ohmic
response at low currents for temperatures below the critical tempefgturgmics the phase transition and
leads to incorrect values far, and the critical exponentsandz. The ohmic response occurs at low currents,
and will occur in both the zero-field transition and the vortex-glass transition. Our results indicate that the
transition temperature and critical exponents extracted from the conventional scaling analysis are inaccurate if
current noise is not filtered out. This is a possible explanation for the wide range of critical exponents found in
the literature.
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The occurrence of a wide critical regime of the high- occur both in zero and nonzero field. Thus, different amounts
temperature superconductbrsand the subsequent theories of current noise(highly dependent on the experimental
regarding the phase transition that occurs in thissetup will lead to different values for the critical exponents
regimé—have led many researchers to look for critical be-(expected to be univergalThis effect, especially when com-
havior in the nonlinear voltage versus curréh) charac-  bined with the flexibility inherent in scalintf,is a possible
teristics of these superconductdr$his behavior has been explanation for the many different critical exponents re-
studied in many materials in a variety of different conditions.ported in the literature.

The most widely researched material is Y%Ba;O;_s To understand this effect more fully, we look at the un-
(YBCO): thick films (thicknessd=~2500 A)* thin films  derlying equations. When measuring 1h¥ curves of super-
(d<1000 A),° and bulk single crystals.YBCO has been conductors, we apply a dc currdgtand measure the average
measured both in a magnetic figlthe vortex-glass or Bose- voltage(V). Let us suppose that at some temperaflithe
glass transition and in zero field. Researchers have also sample has a response f(1), wheref(l) can be nonlinear in
investigated the vortex-glass transitionio name but afeyw  current, andf(I)=-f(-1), i.e., antisymmetric. Because any
Bi,S,CaCyOs, 5 Nd; gCe, 1<CUO,_5° and other more un- applied current will have noisévhich may be shot noise,
usual superconductot8 and critical behavior has even been Johnson noise, 1/f noise, or noise from external sources such
reported in some lowl;, systems? This large body of work  as the electronigs the measured voltage/) will be given

has led to the general consensus that the vortex-glass trangiy14

tion exists, despite some arguments to the contfalow-

ever, there is a wide range of reported critical exponents o

andz from the experimentdlV curves. Our recent work has \% =f f(HP( = 1gdl, (1)
called into question the validity of the conventional scaling e
analysis;’ as we demonstrated multiple data collapses, eac o\ _) 1 is the probability distribution for the current,
with its own set of critical parameters, using only one setof ° =~ ~" :
experimental data. which is centered _about the applied _currda@tWe assume
In this Rapid Communication, we discuss the underappreE(I ~lo)is Symmetf'c aboul, as there is no preferred. direc-
ciated and invidious behavior of current noise when measufion for current noise to flowP(l-lo) has a widtho, given
ing nonlinear-V curves. The normal-superconducting phase®Y tpe variance of the probability distributiomr=J~, (I
transition manifests itself at low currents as a change front l0)“P(I ~To)dI. S

ohmic behavio(T>T,) to nonlinear behaviofT<T,). We When Io> g, the distribution is very narrow, and only
show, both theoretically and experimentally, that the addition/@lues off(l) within a few o; will contribute to(V) in Eq.

of current noise to a device with an intrinsic nonlinear re-(1). We expandf(l) in a Taylor series to findf(1)=f(lo)
sponse will create an ohmic response at low currents. Thug;f'(I))(I=1g)+ 1/2f"(Ig)(I=1g)?+---. When inserted back
current noise will create ohmic behavior at low currents everinto Eq. (1), due to symmetry, only the even terms in the
for temperatures below,, and isotherms that are actually expansion contribute, thifs

below T, will appear to beabove T. In this manner, current .

noise will mimic the phase transition and will lead to an _ L., 2,

underestimate of ., and incorrect values far andz—and in (V) =10 + 2f oy + -, 2
the worst case, the ohmic response due to noise will give the

impression that the phase transition does not exist. This wiland we see that
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(V) = f(lp), for Iy> a;. (3) voltage is linear in the applied curreny)=1yR.¢;, where

o b
Thus, the finite width ofP(I-1,) has no effect when the Rert Is given by

applied current is much larger than the noise curremt e

and the measured voltage is independent of the noise. Rest = bor P e .r<§ + 1>7 for T=T,, 9)
The situation is markedly different whety<o;. In ™ 2

this case, becaudg is small, we will expand the probability

distribution to first order in Iy P(I-1g)=P(l)  andlis the gamma function. o _

+(=1g) dP(1=10)/ (I "o)||0:o+(9(|é)- When this distribution ~ For a given expenm'entaLV curve which is nonl!ngar at

is inserted back into Eql), we find that the first term does Nigh currents and ohmic at low currents, we can fit its high-

not contribute due to symmetry and thus, to first orddglf ~ current behavior to a power law to firal and b, and its
low-current ohmic tail to findRg¢+ If we assume the ohmic

(V) = gRass,  TOrlg< oy, (4) tail is entirely caused by noise, we can estimate the noise

: . . . necessary to create the ohmic tail, as
whereRg¢s is an effective resistance given by

N0 P
Reff—_J_w f(')TdL (5) Rem/2a—+1

g, =
This means that, ify<o,, the measured voltage aways I bl“<§+ 1)
linear in the applied current, independent of the fornf(df. 2
Even strongly nonlinedrV curves will appear ohmic at low
currentst® This occurs both above and beldly, and will ~ We can compare this estimate with the noise as measured
occur in zero field as well as in the vortex-glass transition. with a spectrum analyzéf.

This ohmic response at low currents is especially damag- We have examined the phase transition in zero field using
ing because it can mimic the true “ohmic tails” expected forcurrent versus voltag@-V) curves of YBCO films deposited
T>T, in a phase transition. FOF>T,, asl—0 it is pre-  via pulsed laser deposition onto SrEi@100) substrates.

(10)

dicted that(for D=3)? X-ray diffraction verified that our films are of predominately
vV [T-T.\"@D c-axis orientation, and ac susceptibility measurements
R ( C) , (6) showed transition widths<0.25 K. R(T) measurements
| Te show T,=91.5 K and transition widths of about 0.7 K.

Atomic force and scanning electron microscope images show
%eatureless surfaces with a roughness=ef2 nm. These
ilms are of similar or better quality than most YBCO films
reported in the literature.

We photolithographically patterned our films into four-
a- probe bridges of width &m and length 4Q.m and etched
iytically because the functiofil) is unknown. The form of them with a dilut(_e solution of phosphoric acid without no-

) ) . ' ticeable degradation d®(T). We surround our cryostat with
f(I) is known in two regions: the normal state andTat In _metal shields to reduce the ambient field t& 207 T, as
thf normal state, the Sa”.‘p'e is a simple resistor, such Fhﬁeasured with a calibrated Hall sensor. We routinely achieve
V=IR,. AL T, the v_olt::ge is expected to be a power law Intemperature stability of better than 1 mK at 90 K. To reduce
current, such thav=bI*, where the exponert incorporates noise, our cryostat is placed inside a screened room and all

. _ — 2
the dynamic exponert [a=(z+1)/2 for D=3]. connections to the apparatus are made using shielded triaxial
We can determingV) for these two cases. We assume Acables

Gaussian form foiP(1), since we expect the noise fluctua- e have experimented with several different filtering
tions in the leads to be the result of th@imos) random  schemes. We use only passive filters, so as not to introduce
motion of a huge number of electrogstochastic motion  nojse from an active filter. Our typical filtering scheme, simi-

where v is a static critical exponent anzlis the dynamic
critical exponent. Thus, an ohmic tail generated by noise vi
Eg. (4) can be easily mistaken for the ohmic tail expected
from the phase transition in E@6), especially as they are
both predicted to occur at low currents.

In general(V) and Ry are impossible to determine an

such that lar to others reported in the literatuffeises low-pass filters
1 s (insertion loss of 3 dB at 4 kHat the screen room wall. We

Pl = 1) = ——=¢e (! " 10207, (7) have also used low-pass T filte(8 dB at 2 kHz and

oN2m double-T filters(3 dB at 2 kHz with a sharper cutofat the

. : i top of the probe. Additionally, we modified our probe to
Ygiigg?\;?e\yv;]nesr?\l}(:l % (?)njlgliiao:kll f?.gjr(]!a: ‘;)t;:éo (I)Erqéft]izjw accept filters at the cold end. At 90 K, the 3-dB point of the
' . oy ) ) low-pass T filters shifts upwards to 70 kHz. We also used
currents whenr > T, in the critical regimg we find cold copper-powder filtet8 that have a measured insertion
(V)=1gR, in the normal state, 8) loss greater' than 60 dB for frequencies greater_ than '5 GHz.
The prediction that noise creates ohmic tails is easily seen
as expected for a simple resistdrOn the other hand, &,  experimentally. We can dramatically increase the amount of
whenV=1(1)=bl?, we find at low currents that the measured noise in our system by removing the filters and leaving the
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FIG. 1. Two sets ofi-V curves for a 2100-A-thick film with FIG. 2. Three sets df-V curves for one sample. The solid and

bridge dimensions 8 40 um?. The solid lines are isotherms taken dashed lines are the same isotherms from Fig. 1. The dotted-dashed
with low-pass filters (3 dB at 4 kH2 at the screened room wall lines are isotherms taken with T filters and copper-powder filters at
and low-pass double-T filter€3 dB at 2 kH2 at the top of the the cold end of the probé3 dB at 70 kHz. The isotherms are
probe. The dashed lines are isotherms taken without filtering. Theeparated by 200 mK and the error bars are suppressed for clarity.
isotherms are separated by 200 mK, and the error bars are showlle can see that a 3-dB point of 70 kHz is not low enough to filter
(when larger than the lingsThe highest-temperature isotherms the isotherm completely.

(91.7 K) are ohmic, and fully in the normal state. In the transition
region, we seéespecially in the isotherms at 91.1 and 90.ptKat
noise creates ohmic tails in nonlinear signals.

In an attempt to further filter our leads, we added T filters
and copper-powder filtet$to the cold end of our probe, very
close to the sample. Isotherms taken with warm filtering at
8’_16 screened room wall and the top of the prébaid lines
in Fig. 1) were identical to isotherms taken with filters at the
I screened room wall, top of the probe, and at the cold end of
one sa_mple are s_hown in Fig. 1. . . the probe. Thus, the addition of cold filters did not improve

In Fig. 1, the highest-temperature isothef®1.7 K) is in he qata. From this we conclude that the Johnson noise cre-
the normal state, and has a slope of gmglicating ohmic  zted in the probe wiring is not significant.
behaviorV~1). In the transition region, the effect of noise is |t s instructive to consider the effect of cold filters alone
dramatically apparent. The filtered isotherrtsolid line§  versus warm filters alone. Because the 3-dB point of the T
and the unfiltered isotherm@lashed lingsoverlap at high filters shifts to 70 kHz when cold, we can compare low-pass
currents, as predicted by E¢B), indicating that the addi- filters with different 3-dB points. Isotherms taken with all
tional noise has no effect. At lower currents, however, thehree filter configurations are shown in Fig. 2. From Fig. 2 it
unfiltered isotherms deviate and become oh(s&me slope is obvious that a 3-dB point of 70 kHz is not low enough to
as the isotherm at 91.7)Kas expected from Eq4). This filter the noise properly, although the difference between
effect is most noticeable in the isotherms at 91.1 and 90.9 Kwarm and cold filters is only obvious at 91.3 K.
where the nonlinear isotherms become ohmic at low currents This result leads us to wonder whether even a 3-dB point
when the filters are removed. of 2 kHz is low enough to properly filter the data. Commer-

It is also easy to see how these ohmic tails due to noiseial passive filters with a 3-dB point lower than 2 kHz are
could be mistaken for ohmic tails due to the three-hard to find, but we can resolve this question using another
dimensional(3D) phase transition. The ohmic tail due to method. The environment connected to the sample generates
noise at 90.5 K drops below the resolution of our voltmetera certain amount of current noise, but th&/ curves depend
(1 nV), thus the unfiltered isotherm appears nonlinear. Thisiot on current but rather on current density. Therefore, if we
transition from isotherms with an ohmic ta{Pl.1 and test four-probe bridges of different widths, for a given
90.9 K) to (apparently nonlinear isothermg90.5 K and be- amount of noisecurrent we can reduce the noissirrent
low) is the same signature we expect from the phase trans@ensityusing wider bridges. We expect bridges of different
tion. From the unfiltered isotherms alone, the conventionalvidths to have similad-E curves, wherd is current density
analysis of I-V curves would lead us to say thaf. andE is electric field. However, if noise is still a problem,
~90.5 K, despite the fact that the ohmic tails at 91.1 andwider bridges should show differedtE curves. We have
90.9 K are artifacts created by noise. Note also that the filmeasured bridges of different widthand have found that
tered and unfiltered isotherms are equally smooth. Once thier typical filtering (3 dB at 2 kH3, the J-E curves for
noise reaches the sample, its response changes, thus the mieddges of different widthgand thus different noise current
sured isotherm will appear smooth, regardless of how muckiensitie$ are identical, indicating that our low-passfilters
noise is in the system. are sufficient filtering.

door to our screened room open. We can then compare is
therms with and without filtering. Two sets bV curves for
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Additionally, we can take an isotherm and use Ed)) to We have shown, theoretically and experimentally, that the
estimate the amount of current noise required to create thaddition of current noise can create ohmic behavior at low
ohmic tail. If we take the filtered isotherm at 91.3 K from cyrrents in nonlineal-V curves. We have also shown that, in
Fig. 1, we find from the high currenta~1.55 andb oy experimental set up, passive low-pasfiiters eliminated

~10>8V/A2 From the low currents, we finBqs=~0.7 Q. : : : .
o > . the effects of noise. However, without filters, it is easy to
We can plug this in to Eq10), and findey ~1.3 uA, if the confuse ohmic tails generated by noise with ohmic tails

ohmic tail were caused by noise. We have measured thgx ected from the phase transition, causing incorrect choices
noise in our probe using a spectrum analyZemd found P P ’ 9

0,=10 nA, far less than the estimate from Eg0), indicat- of T., v, andz. These exponents are expected to be universal,

ing that, with proper filtering, noise does not create the@lthough many different exponents are reported in the
ohmic tails2t literature. Filtering schemes are rarely explicitly mentioned

Finally, it is interesting to note that we can change thein the literature, and thus current noise may be a possible
resistance of the ohmic tail at 91.3 K by adding noise in Fig.explanation for the lack of consensus regarding the expo-
2. We know from Eq.(8) that adding noise to a linedrV  nents.
curve doesnot change the resistance. This result indicates o )
that the underlying behavior at low currents of the 91.3 K The authors thank J. S. Higgins, D. Tobias, A. J. Berkley,
isothermmustbe nonlinear. The ohmic tail that occurs evenS- Li, H. Xu, M. Lilly, Y. Dagan, H. Balci, M. M. Qazilbash,
in the filtered data must result from some other effect. In RefF. C. Wellstood, and R. L. Greene for their help and discus-
19, we argue that this occurs due to the finite thickness of ougions on this work. We acknowledge the support of the Na-
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